Introduction
The complement system is a group of serum and membraneassociated proteins that plays an essential role in innate immune defenses. In vertebrates, the complement system not only serves as a bridge between the innate and adaptive responses, but several of its components also have been implicated in the enhancement and modulation of the adaptive immune response (reviewed in [1] [2] [3] ). Among the known proteins of the complement system, component C3 is the central molecule where all known activation pathways (classical, lectin, and alternative) converge [4, 5] . Complement component C3 is a large, soluble polypeptide that belongs to the superfamily of thioester-containing proteins (TEPs) that also includes vertebrate complement components C4 and C5, the invertebrate and vertebrate alpha2-macroglobulins, and the thioester-containing proteins found in a variety of invertebrates (reviewed in [6] ). Functional studies have shown that after the proteolytic activation of C3, the resulting C3a fragment is involved in inflammatory responses, while the C3b fragment serves as either an effective opsonin or as a recruiter of other proteins that will ultimately mediate the lysis of the foreign microorganism via perforin-like proteins or the formation of a membrane attack complex (MAC) [5, 7] .
Since their discovery, complement molecules have been found and studied in a variety of organisms, principally vertebrates. This focus led to the previous misconception that complement only existed in the vertebrates and their chordate relatives. In 1998, a C3 ortholog was discovered in an echinoderm, the sea urchin Strongylocentrotus purpuratus [8] . This discovery demonstrated the presence of complement in invertebrates within the deuterostome clade, one of the three superphyla of bilaterian animals. More recently, complement C3-like proteins were identified in the horseshoe crab Carcinoscorpius rotundicauda, a member of the ecdysozoan superphylum [9] , and in the cnidarian Swiftia exserta [10] . These findings demonstrated that the origin and evolution of the complement system dates back to the earliest radiations of the animal kingdom (for reviews see [11] [12] [13] [14] [15] ). In all of these divergent groups, complement C3 proteins have several conserved structural and functional motifs, which are now considered characteristic of these molecules [5, 16] . Specifically, the C3 molecules are defined as those having: (1) an anaphylatoxin domain, which is released upon activation of C3 and is involved in the inflammatory response; (2) a thioester domain, responsible for the covalent Developmental and Comparative Immunology 33 (2009) [69] [70] [71] [72] [73] [74] [75] [76] attachment of the C3b fragment to its target; and finally; (3) a C345C domain located at the C-terminal region of the molecule [14] . One major group of organisms in which members of the complement system has not been identified is the third superphylum of bilaterians, the lophotrochozoans, which includes the mollusks (e.g., snails, clams, and squid), annelids (e.g., earthworms and leeches), and flatworms.
Our laboratory focuses on the study of various aspects of the mutualistic relationship between the sepiolid squid Euprymna scolopes and the marine luminous bacterium Vibrio fischeri [17, 18] . In this beneficial symbiosis, the bacteria reside within a specialized structure called the light organ, where they live in close contact with the host epithelia. The molecular mechanism(s) that the host E. scolopes uses to recognize, acquire, and maintain V. fischeri within a specific location, and without succumbing to pathogenic infection, are still largely unknown. However, studies of this system thus far suggest a well developed molecular communication between the host's immune system and its symbionts including: the recognition of bacterial products [19, 20] ; host production of reactive oxygen compounds [21] [22] [23] ; host mucus secretion [24, 25] ; and the migration and change in gene expression of squid hemocytes [26, 27] .
In the present study, we identify and characterize a complement component C3 ortholog in E. scolopes. This report is the first to demonstrate the presence of a member of the complement family in the lophotrochozoans, thus extending the occurrence of complement throughout all branches of the animal kingdom.
Materials and methods

General procedures
Adult E. scolopes were collected from shallow sandy flats in Oahu, Hawaii, and breeding colonies were maintained in artificial seawater (ASW) in 450 L-recirculating aquaria. For studies with newly hatched juveniles, the animals were rinsed immediately upon hatching in filtered (0.22 mm) ASW and placed in individual glass vials containing 3 ml of ASW (nonsymbiotic) or 3 ml of ASW with 5 Â 10 3 cells/ml of the wild-type V. fischeri strain ES114 (symbiotic) [28] . Colonization of the light organ of juvenile animals was monitored by measuring light output in a photometer (TD-20/ 20, Turner Designs, Inc., Sunnyvale, CA). All chemicals used in this study were purchased from SigmaAldrich Co. (St. Louis, MO) unless otherwise stated.
RNA extraction
In preparation for RNA extraction, whole E. scolopes juveniles were anesthetized in 2% ethanol in ASW and stored in RNAlater (Ambion, Inc., Austin, TX) at À20 8C until needed. Total RNA was extracted from squid juveniles (three animals per sample) by removing the RNAlater, transferring the samples to a microcentrifuge tube containing 1 ml of TRIzol reagent (Invitrogen, Corp., Carlsbad, CA), and homogenizing them with a Polytron PT-1200 homogenizer (Kinematica, Inc., Westbury, NY) following the manufacturer's recommended protocol. The resulting total RNA ($20 mg) was DNase-treated and column purified with a combination of the RNase-Free DNase enzyme and RNeasy MinElute Cleanup Kit (Qiagen, Inc., Valencia, CA) to remove potential DNA contamination. The RNA concentration and purity of each sample was determined using the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, LLC Subsidiary of Thermo Fisher Scientific, Inc., Waltham, MA) and its quality assessed by electrophoresis on a 1.5% agarose gel.
We also extracted total RNA from adult squid tissues to study the occurrence of C3 mRNA in E. scolopes. Seven different tissues were dissected from adult animals that had been previously anesthetized in ASW with 2% ethanol. These tissues (light organ, light organ without central core, central core, white body, mantle, arm muscle, and gills) were stored in RNAlater (Ambion) and their total RNA was extracted as described above. To obtain hemocytes from the hemolymph of adult animals, blood was drawn from the cephalic artery using a syringe with 27-gauge needle. The hemolymph sample (200 ml; $5000 hemocytes/ml) was centrifuged at 1000 Â g and 4 8C for 10 min to pellet the hemocytes. The serum then removed and total RNA from hemocytes was extracted using TRIzol as previously described before treatment with Turbo DNA-free reagents (Applied Byosystems/Ambion, Austin, TX) to remove potential genomic DNA contamination.
EST selection and rapid amplification of cDNA ends (RACE)
Several E. scolopes EST sequences containing homology to human complement component C3 (GenBank Accession No. P01024) were identified from a previously constructed EST database derived from cDNA libraries of juvenile light organs [29] . One of these EST sequences (GenBank Accession No. DW284544) was used to obtain the full-length of the open reading frame encoding the putative C3 molecule in E. scolopes.
Purified total RNA samples from juvenile squid and specifically designed primers were used to amplify both 5 0 and 3 0 cDNA ends of the EST of interest using the GeneRacer Kit (Invitrogen) ( Table 1) . Resulting products from the RACE reactions were reamplified using nested primers, separated in agarose gels, extracted, and ligated into plasmids using the TOPO TA Cloning Kit for sequencing with 'One Shot Top 10' competent E. coli cells (Invitrogen) following the recommended protocols. Positively transformed cells were grown overnight at 37 8C in LB (Luria Bertani) broth supplemented with 50 mg/ml kanamycin. Plasmids were then isolated and purified from bacteria using the Qiaprep Spin Mini 0 -RACE reaction, the newly obtained sequence data confirmed the initial identification of the EST as a putative C3 homolog. Two more 5 0 -RACE reactions were necessary to reach the 5 0 region of the molecule where a predicted start codon followed by an open reading frame could be identified. A 3 0 -RACE reaction confirmed the presence of a stop codon and subsequent poly-A tail at the 3 0 -end. Additional site-directed PCRs (polymerase chain reactions) were run in independent triplicates followed by sequencing reactions to fill-in gaps and verify the data sequence of this molecule.
Sequence analysis
All sequences were analyzed both at the nucleotide and amino acid levels using the Basic Local Alignment Search Tool (BLAST) from the National Center for Biotechnology Information (NCBI; http://www.ncbi.mlm.nih.gov/blast/BLAST.cgi). Resulting RACE sequences were aligned and the contigs constructed using the sequence analysis software Vector NTI Advance Version 10.1.1 (Invitrogen). The predicted amino acid sequence of Es-C3 was compared to several other related polypeptides in the TEP (thioester-containing protein) superfamily. Comparison of the various TEP sequence alignments were used to construct an unrooted neighbor-joining tree (bootstrapped, 1000 iterations) based on the Kimura 2-parameter correction using CLUSTAL Â 1.8 [30] with gapped positions excluded.
In addition, a rooted neighbor-joining tree (parameters as above) using the alpha-2-macroglobulin sequence from the Atlantic horseshoe crab was constructed to compare the placing of Es-C3 within the complement group of proteins. Maximum likelihood analyses were also performed on these data using the default parameters of the program proML in the PHYLIP (version 3.63) suite of programs [31] . Trees constructed by the neighborjoining and maximum likelihood methods were compared using the Kishino-Hasegawa-Templeton test in proML [32] .
Patterns of C3 gene expression
To determine the expression of Es-C3 in squid tissues, end-point PCR was carried out using specific primers (Table 1) in the 3 0 -end (5084-5411 nt) of the cDNA molecule. Eight adult squid samples were tested: whole light organ, light organ central core (the epithelial tissue that houses the symbionts), light organ from which the central core had been removed, white body, gills, mantle, arm, and hemocytes. As positive and loading control for cDNA quality, primers for the ORF coding for the ribosomal protein L21 were also used for each tissue. The PCR reactions were performed using Paq5000 DNA polymerase from Stratagene (Agilent Technologies, Inc., Santa Clara CA) and the following thermocycler protocol: 2 min at 95 8C; 35 cycles of 20 s at 95 8C, 20 s at 55 8C, and 30 s at 72 8C; with an extension of 4 min at 72 8C. Products were separated in a 1.2% agarose gel, stained with ethidium bromide and visualized using a FluorChem 8400 imager (Alpha Innotech Corp., San Leandro, CA).
Immunocytochemistry
A 13-aa peptide corresponding to the 1054-1066 region of Es-C3 was synthesized (Peptide Synthesis Facility, Biotechnology Center, University of Wisconsin, Madison, WI) and conjugated to ovalbumin for purposes of rabbit immunization and polyclonal antibody production (Harlan Bioproducts for Science, Inc., Indianapolis, IN). The resulting antiserum was used to localize expression of Es-C3 by immunocytochemical staining of juvenile E. scolopes, collected shortly after hatching. All immunocytochemistry procedures were performed at 4 8C unless specifications for a reagent recommended otherwise. After anesthetizing juvenile squids in 2% ethanol in ASW, the animals were fixed overnight in 4% paraformaldehyde in marine phosphate-buffered saline (mPBS: 50 mM sodium phosphate buffer with 0.45 M NaCl, pH 7.4). The animals were then rinsed four times (30 min each) with mPBS, after which the light organ was exposed by gently dissecting off the mantle and funnel, followed by permeabilization of the tissues by incubating for 2 days in mPBS with 1% Triton-X 100 (Promega Co., Madison, WI). The samples were then incubated overnight with a blocking solution (mPBS with 1% Triton-X 100, 0.5% bovine serum albumin, 1% goat serum) and then exposed to the Es-C3 antibody or, as a control, the pre-immune serum at a 1:100 dilution in the blocking solution for 4 days. The samples were then washed four times (1 h each) with mPBs with 1% Triton-X 100, incubated with the blocking solution overnight and exposed to the secondary antibody (goat-antirabbit conjugated with fluorescein isothyocyanate) for 1 day under dark conditions. Subsequently, the animals were washed with mPBS and treated, following the manufacturers' protocols, with rhodamine phalloidin and TOTO-3 iodide (Molecular Probes, Invitrogen Co.) as counterstains. Finally, samples were mounted on glass slides with Vectashield (Vector Laboratories, Burlingame, CA) and visualized using a Zeiss LSM 510 confocal microscope (Carl Zeiss MicroImaging Inc., Thornwood, New York.
Results and discussion
Identification of Es-C3 as a complement component C3 homolog
Characteristics of the derived amino acid sequence, as well as predicted domain structure, provided evidence that Es-C3 belongs to the C3 family of proteins. The 5 0 -and 3 0 -RACE of the selected E. scolopes EST (DW284544) yielded a cDNA of 5602 base pairs (bp) (GenBank Accession No. EU596375). The cDNA sequence predicted a start codon at nucleotide 291, a stop codon at nucleotide 5379, and a polyadenylation site (AATAAA) at nucleotide 5550. The deduced open reading frame (ORF) of 5088 bp encoded a putative protein of 1696 amino acid residues (Fig. 1) . BLASTp analysis revealed that the deduced amino acid sequence of E. scolopes codes for an ortholog of the third component of the complement system (C3; Appendix A). The closest sequence homology was to amphioxus C3 (Accession No. BAB47146 [33] ) with 46% similarity and 27% identity at the amino acid level. The two next closest sequences were the horseshoe crab C3 (Accession No. AAQ08323 [9] ), with 45% amino acid similarity and 26% identity, and the coral C3 (Accession No. AAN86548 [10] ) with 43% similarity and 23% identity.
Further analysis of the deduced polypeptide using the SignalP 3.0 server (http://www.cbs.dtu.dk/services/SignalP/) predicted a secretion leader sequence from amino acids 1-28 (aa 1-22 in human C3). The squid C3-like molecule contains 34 cysteine residues compared to the 27 found in the human sequence. Seventeen of these 34 cysteine residues were located in the same position when Es-C3 was aligned with human C3, including the pair that is responsible for the covalent linkage of the alpha (a) and beta (b) chains in the mature C3 protein. In the human molecule, there are nine additional pairs of cysteine residues creating disulfide bridges [34] ; the Es-C3 sequence has eight of those pairs, suggesting a similar three-dimensional structure for the squid and human proteins.
The deduced Es-C3 sequence also had a putative cleavage site characteristic of C3 molecules. Studies of vertebrate C3 have suggested that it is synthesized as a single-chain pro-protein, with alpha (C-terminus) and beta (N-terminus) portions linked by a tetraarginine sequence. This RRRR sequence acts as a cleavage site and is removed post-translationally prior to secretion [5] . However, the sequence for this processing site varies among C3 molecules. For example, the putative cleavage sequence RKPR occurs in the Japanese lamprey C3 [35] ; RRKR occurs in the C3 molecules of sea urchin, amphioxus, and a tunicate [8, 33, 36] ; RKKR occurs in the horseshoe crab C3 [9] ; and, RKRR occurs in the coral C3 [10] . Thus, alignment of the currently available C3 sequences suggests that RXXR is the consensus sequence for the beta-alpha cleavage site (X is frequently R or K). The most likely cleavage site in the Es-C3 molecule is RYKR, which occurs at amino acids 667-670 (Fig. 1) .
In addition to the presence of the two critical cysteine residues and the presence of a putative cleavage site, the presence of a putative anaphylatoxin (ANATO) domain (aa 675-710, Figs. 1 and 2) provided further support for the post-translational maturation of the Es-C3 into alpha and beta subunits. The ANATO domain, A2M-N, the alpha2-macroglobulin N-terminus regions 1 and 2; A2M, the alpha2-macroglobulin C-terminus region; A2M-COMP, the alpha2-macroglobulin-like domain with the thioester domain; A2M RECEP, the alpha2-macroglobulin receptor domain. The domains of complement C3 molecule (orange boxes): ANATO, the anaphylatoxin domain; C345C, the complement C3/4/5 C-terminal region. (B) Alignment of the Es-C3 anaphylatoxin and thioester domains with their closest homologues and human C3. The anaphylatoxin (ANATO) domain of Es-C3 has the six canonical cysteine residues at conserved positions and the thioester motif (GCGEQ) with the surrounding amino acids, including the two flanking proline residues thought to be important in the formation, stability and function of this region [43] . Identical residues, red in yellow background; conserved residues, purple with blue background; similar residues, black with green background; weakly similar, green, non-similar, black. Confirmation of Es-C3 transcript in hemocytes. Gill cDNA was used as a positive control for Es-C3 and L21. G and Hc, gill and hemocyte cDNA, respectively; -G and -HC, control reactions run with no reverse transcriptase to assess genomic DNA contamination in gill and hemocyte cDNA, respectively. Results shown are representative of a minimum of three independent and separate RNA extractions and PCR procedures for each sample in the figure. (E-G) Light organ treated with anti-Es-C3 antibody conjugated with FITC. Antibody cross-reactivity localized to the apical surface of the light organ epithelial cells. Panels and G are composite images of all three labels; panel F shows only the signal received from the fluorescein dye, revealing that Es-C3 appears to be present in discrete areas within the cells. (H and I) Labeling in gill epithelial; H panels, pre-immune controls; I panels, anti-Es-C3. (J and K) Labeling of the arm suckers. J panels, pre-immune controls; K panels, anti-Es-C3. In panels H-K, right most images are the composite of all three labels. In these other tissues, Es-C3 is also found in the cytoplasm of cells in a similar distribution to that found in the light organ epithelia. All images are representative of at least three separate replicate treatments. a conserved character among complement molecules, is located at the N-terminus of the alpha chain. Sequence analysis of the putative Es-C3 ANATO domain revealed that it contains, in conserved locations, the six canonical cysteine residues known to be critical for its function (Fig. 2B) [33] . In addition, a putative cleavage site (IARS, aa 739-742) for the C3-convertase, which releases the ANATO domain and thereby creates C3b, was identified in a similar position as the LARS cleavage site of human C3. These sequence data suggest that the Es-C3 functions similarly to the C3 molecules of other animals.
Similar to other C3-like proteins, Es-C3 had the characteristic domains that occur in members of the C3/4/5 complement molecules ( Fig. 2A) . These domains included the five-residue thioester (TED) motif (GCGEQ) (Fig. 2B) , the N-and C-terminal regions typical of A2Ms and TEPs, and the A2M receptor domain located at the C-terminus of the molecule. Because these characters are shared among the most members of the TEP superfamily, we further analyzed the Es-C3 to obtain evidence that it contains the distinctive characteristics found only in complement molecules. The predicted Es-C3 protein has a similar sequence length to that of other known C3s. In addition, it possesses hallmark characteristics of the complement C3/4/5 family of proteins. In addition to the ANATO domain described above, which is specific to the C3/4/5 family, the Es-C3 has a histidine residue (H1124) located 109 amino acids downstream of the TED motif. This histidine residue, which is found 113 aa after the TED motif in human C3, is catalytic and functions in the formation of a covalent bond between C3b and its target molecules [37] . In addition, like human C3, the Es-C3 sequence also contains a glutamic acid (E1126) located two amino acids downstream from the catalytic histidine. This residue is thought to increase the nucleophilic strength and specificity of the TED to hydroxyl groups [38] . Finally, the Es-C3 has an extended ($200 residues) Cterminus region characteristic of C3/4/5 molecules, which is usually not found in A2Ms or invertebrate TEPs.
The phylogenetic position of Es-C3
To determine how Es-C3 relates to other members of the TEP superfamily of proteins, a multiple alignment was performed using 36 additional sequences from the GenBank database. The results were used to construct an unrooted phylogenetic tree (Fig. 3A) using the neighbor-joining method. Comparisons within the complement group where performed using a rooted neighborjoining tree (Fig. 3B) . Trees constructed using the neighborjoining and maximum likelihood methods were not found to be statistically different.
Three major groups of proteins, the C3/4/5 components of the complement system, the A2Ms, and the invertebrate TEPs could be distinguished showing similar phylogenetic distribution to previously published trees of this protein family [9, 10, 39, 40] . The arrangement of these three groups shows that A2M and TEPs are more similar to one another than they are to complement. The complement group itself is further branched, with distinct C3, C4, and C5 groupings within the vertebrates, and a separate, although poorly bootstrapped, invertebrate C3 grouping. No sequences clustering with the C4 and C5 groups have been identified thus far in the invertebrates. These data suggest that vertebrate C4 and C5 may have evolved from a C3-like molecule as it has been suggested before (reviewed in [5] ). Although the ascidians form a strongly bootstrapped group, there is no clear division between the deuterostomes and the non-deuterostomes within the invertebrate C3 grouping since the coral and horseshoe crab sequences group together with those of amphioxus and the sea urchin. These phylogenetic analyses support the initial BLAST results grouping Es-C3 with other complement C3 members. However, it stands alone in a separate, poorly bootstrap-supported branch among the invertebrate C3s. This finding reinforces the hypothesis that the protein is a complement C3 from an organism that is very different from those that have been sequenced so far, and perhaps when other C3s are identified in the lophotrochozoan superphylum, there will be other sequences that group with Es-C3.
mRNA expression of Es-C3 in E. scolopes
To determine patterns of expression of the Es-C3 transcript, we analyzed total RNA samples from whole juveniles or adult tissues for the amplification of a PCR product using primers specific for a region located in the 3 0 -end of the nucleotide sequence (Fig. 4A,  top) . A positive control to test for quality of the RNA samples was also performed using primers designed for a ribosomal protein (Fig. 4A, bottom) . Our results revealed the presence of transcripts in all juvenile samples (hatchling, nonsymbiotic and symbiotic), suggesting that C3 is constitutively expressed in juvenile animals. In the adult, all tissues tested also produced products confirming the presence of Es-C3 mRNA (Fig. 4A, lanes 3-9) . Although these studies did not use quantitative PCR, they suggest lower levels of Es-C3 transcript in some tissues, such as the hemocytes and arm tissue. Because in other invertebrates, hemocytes are the primary or sole site of C3 synthesis [8, 36, 41] , we performed PCR on hemocytes with higher levels of mRNA. These experiments confirmed the presence of Es-C3 transcript in these cells (Fig. 4C) . More studies, such as in situ hybridization, need to be done to determine the specific source of C3 expression and synthesis in E. scolopes. Because vascularized tissues such as the gills appeared to have higher levels of message than isolated hemocytes, it is unlikely that all Es-C3 message in such tissues is due to hemocyte mRNA. It is more likely that more than one cell type produces C3 in E. scolopes. In vertebrates, complement C3 expression has been reported in many other cell types such as hepatocytes, fibroblasts, endothelial and epithelial cells, and adipocytes among others [42] .
To characterize the protein production of the putative C3 homologue in E. scolopes, we incubated fixed juvenile animals with a rabbit polyclonal antibody made against a region in the achain of the polypeptide following previously described immunocytochemical protocols and observed the samples by confocal microscopy (Fig. 5) . The rabbit pre-immune serum showed no cross-reactivity above background in any tissue tested. In contrast, in the animals treated with anti-Es-C3 antibody, cross-reactivity occurred in the apical surfaces of epithelial cells of all tissues analyzed, including those of the light organ surface. The antibody bound to discrete regions within the cytoplasm of cells in a punctate distribution suggesting that this protein is stored in vesicles. Unlike other animals, where C3 is present in the blood [15] , we observed no cross-reactivity in blood vessels.
Conclusion
This study provides evidence for the presence of a complement C3 ortholog in the Hawaiian bobtail squid E. scolopes. The discovery of Es-C3 extends the occurrence of complement components to all three superphyla of bilaterian animals, the Deuterostomia, the Ecdysozoan, and the Lopothochozoa. This finding, coupled with the report of complement molecules in cnidarians, renders the complement system one of the most diverse and ancient immune recognition and defense mechanisms known to date.
Further studies on the functional characteristics of Es-C3 in E. scolopes should provide further insight into the conserved characters of the molecule critical for function. In addition, because the study of complement proteins has largely been restricted to their function in pathogenesis, their study in the E. scolopes-V. fischeri symbiosis offers the opportunity to discover possible roles for complement proteins in the acquisition and maintenance of beneficial animal-microbe relationships.
